The epidemic of childhood obesity is becoming a major predictor for risk of cardiovascular diseases (CVD) and mortality during adulthood. Alterations in the morphology of the heart due to obesity could be a predictor for the dysfunction of cardiac autonomic modulation (CAM). A number of epidemiologic studies have evaluated the effect of obesity and CAM in children, finding that obesity impaired the balance of CAM toward a sympathetic overflow and reduced parasympathetic modulation, a significant predictor of CVD morbidity and mortality in adults. Lifestyle modifications, for example long-term exercise programs, have been shown to improve CAM in the obese. This review discusses the recent evidence on childhood and adolescent obesity and its impact on CAM, as well as how early lifestyle changes could help improve CAM, which may in turn reduce the burden of CVD in adults.
Introduction
Childhood obesity has become a major pulic health concern worldwide. The World Health Organization (WHO) calls it "one of the most serious public health challenges of the 21st century" [1] . The largest set of data ever-available accessing trends of overweight and obesity worldwide, including 144 developing and developed countries, suggest that in 2010, 43 million preschool children (age ranged from birth to 5 years old) are overweight and obese [2] . In addition, in a 20-year period, the global prevalence of overweight and obesity in preschool children increased 2.5 %, from 4.2 % in 1990 to 6.7 % in 2010. This trend is expected to increase to a global prevalence of 9.1 %, or 60 million, by the year of 2020. In the United State alone, during the past 30 years (from 1980 to 2010), the prevalence of childhood obesity has more than doubled in children (from 7 % nearly 18 %) and tripled in adolescents (from 5 % to 18 %) [3] . In 2009-2010, 16.9 % of the United State children and adolescents from 2 to 19 years of age were obese [3] . In general, these numbers on childhood obesity are alarming and concerning, especially because obese children are more likely to stay obese and become obese adults increasing their risk of developing obesity-related diseases, such as cardiovascular disease (CVD) [4, 5] .
Children today, compared with children from the years of 1986 to 1989, have a higher predicted cardiovascular risk in childhood, as well as a higher predicted risk of heart disease in adulthood [6] . CVD in children are becoming more prevalent in conjunction with the rise in childhood obesity [6] . In fact, by the year of 2035 the predicted number of additional cardiovascular events attributable to excess weight in adolescence is expected to be 9100,000 [7] . In addition, several reports have shown that childhood obesity is often accompanied by concurrent cardiovascular abnormalities, suggesting immediate attention to prevent progressive cardiovascular damage at such a young age [8] [9] [10] [11] .
A recent systematic review on the associations between childhood and adolescent obesity and risk of premature mortality and physical morbidity in adulthood, presented 11 studies reporting that overweight and obesity were associated with significantly increased risk of later cardiometabolic morbidity in adult life [12] . In addition, four out of five studies examined the associations between overweight and/or obesity, and premature mortality found significantly increased risk of premature mortality with children and adolescent overweight or obesity [12] . Moreover, a recent study reported that cardiovascular risk factors, such as hypertension, obesity, and glucose intolerance during childhood, are strongly associated with increased death during early adulthood [13] .
Numerous studies have evaluated the effect of obesity and cardiac autonomic modulation (CAM) in children [14••, 15-28] . The majority of these studies have found that obesity impaired the balance of CAM toward a sympathetic overflow and reduced parasympathetic modulation in obese children. Thus, the goal of this paper is to provide a review of the recent evidence on how childhood and adolescent obesity impaired CAM, and how implementing an exercise routine and/or a wellbalanced diet could help reverse this association in obese children.
CAM and heart rate variability
In order to understand how CAM functions, it is important to understand how the central nervous system (CNS) is involved. Figure 1 shows a schematic diagram on how the CNS operates. The autonomic motor neurons stimulate the heart and calm involuntary muscles and gland such as those around the intestine, stomach, and liver. This part of the CNS is known as the autonomic nervous system (ANS). In addition to the involvement on vessel and gastrointestinal tract, there is substantial literature demonstrating that the ANS is also involved in the modulation of metabolism, inflammation and immune system [29, 30] . One of the main functions of the ANS is to regulate the modulation of cardiovascular activity. This is when the term CAM comes to play. The sympathetic nervous system (SNS) and the parasympathetic nervous system (PSNS) are the two branches of the ANS. In the heart, SNS innervate organ functioning. The sympathetic nerve fibers stimulate the sinus node, the atrioventricular conducting pathway and the arterial and ventricular myocardium; increased sympathetic activity increases the heart rate (HR). The parasympathetic nerves decrease the function of the sinus node and the atrioventricular pathway and the atrial muscle. In contrast to the SNS, the increased parasympathetic activity decreases the HR. Under physiological or physical changes, such as exercising, the regulation of the cardiovascular and other visceral functions is based on the withdrawal of one branch, for example the PSNS, and the activation of the other, in this case the SNS, and vice versa; this dynamic physiological process is called the "sympatho-vagal balance" [31, 32] .
Because of the importance of the SNS and PSNS on CAM, several invasive and noninvasive approaches to assess ANS have been applied over the last decades. From invasive techniques that once were designed to only measure sympathetic activity, (ie, levels of catecholamines in the plasma and urine [33, 34] ) and the muscle sympathetic nerve activity [35] , to the most utilized and reliable noninvasive technique, the heart rate variability (HRV) [36] .
HRV is used as a noninvasive measurement of CAM [37] . In the past 30 years, HRV has been widely accepted as a noninvasive method, from short-or long-term electrocardiograph recordings, to measure the balance of the cardiac sympathetic and parasympathetic modulation. domain and the frequency-domain analysis. The time domain method uses various summary statistics to measure the variations of beat-to-beat RR intervals. Whereas, the frequency-domain method decomposes beat-to-beat RR interval variations into powers at predefined frequency ranges to calculate: (1) power in the low frequency range (0.04-0.15 Hz, LF), which is often considered to be influenced by both sympathetic and/or parasympathetic modulations, depending on the study protocol [31, 38] ; (2) power in the high frequency range (0.15-0.40 Hz, HF), a well-accepted marker for parasympathetic activity [39] ; and (3) the ratio of LF to HF (LF/HF), a marker of sympatho-vagal balance [40] . For the time-domain method, the following HRV indices can be calculated: (1) standard deviation of all RR intervals (SDNN, ms), another marker for sympathetic activity; and (2) the square root of the mean of the sum of the squares of differences between adjacent RR intervals (RMSSD, ms), a marker for parasympathetic activity [41] . In addition, in the last several years nonlineal approaches have been developed, (ie, entropy-derived measures, such as reflexes circuits like the baroreflex and chemoreflex control [42] ).
In addition to analyze the HRV indices as the overall mean levels, which is the most frequently used approach by the investigators, another way to analyze HRV is to examine the circadian patterns of HRV indices. This method has been utilized more frequently in adults [43] [44] [45] [46] [47] than in children [48, 49] . Lack of circadian variation of HRV has been associated with increased risk to cardiovascular events in adults [46] . The circadian patterns of HRV can be quantified using a cosine periodic regression model consisting of three cosine function parameters: mean, measures the overall average of a HRV index; amplitude, measures the amplitude of the oscillation of a HRV index; and acrophase, measures the clock time when the highest amplitude is reached. The majority of the articles on childhood obesity and HRV available only examined the effect of obesity on the overall mean levels of HRV. Using the circadian pattern of CAM, one can first fit a cosine periodic regression model based on HRV indices calculated from 24-hour beat-to-beat RR interval data to estimate the individual-level mean, amplitude, and crescent time. One can then systematically assess the impact of various factors that may affect not only the mean levels, but also may affect the amplitude and the acrophase time of HRV indices.
Childhood obesity and impairment of CAM
Several methods have been used to define obesity in children and adolescents: from age-and gender-specific body mass index (BMI) [15, 17] , to the most recent use of dual-energy x-ray absorptiometry to measure central obesity [21, 24, 50] . Out of these two methods, having BMI at 995th percentile of the national age and gender-specific distribution has been more widely utilized as the preferred measure for detecting obesity in children and adolescents because it is practical, trustworthy, and follows adults obesity measures [51, 52] . However, previous studies in adults and children have suggested that central obesity, compared with peripheral obesity, is more closely associated with CVD risk [21, 53] .
In general, children and adults obesity is known to increase amounts of adipose tissue and lean mass through the body, and subsequently increase blood flow demand. Therefore, the heart has to work harder to pump the extra blood out to the rest of the body. The heart gets bigger and thicker, making it difficult to compress and relax during each heartbeat [14••, 54] . These alterations in the morphology of the heart because of obesity could be the precursor to the impairment of CAM. In adults, impaired CAM has been related to all-cause mortality and unexpected cardiac events [14••, 55] . More importantly, a reduction in the parasympathetic activity has been related to morbidity of CVD and mortality [14••, 56] . Therefore, early identification of impairment of CAM in obese children could be an important clinical tool in the prevention of CVD in later life [14••] .
In recent years, several epidemiologic studies have reported conflicting evidence of cardiac autonomic dysfunction in obese children [14••, 15-28] . The reduction of the vagal parasympathetic activity [15, 17-21, 23-25, 28, 56] , with the overflow or increase in the sympathetic activity of HRV have been most often reported [17, 20, 21, 23, 24, 28, 58] . In addition, some studies have shown an association between childhood obesity and increased LF/HF ratio, a marker for sympatho-vagal balance [17, 18, 20, 21, 23, 25, 58, 59] . Tascilar and coworkers conducted a case-control study of the association between childhood obesity and HRV; finding that obese children (BMI 997th percentile for age and sex) have lower HF, SDNN, RMSSD, but higher LF and LF/HF ratio than controls (BMI G85th percentile for age and sex) [20] . Similarly, in another case-control study, Kaufman and coworkers demonstrated that obese children (BMI 995th percentile for age and sex) have lower HF, and higher LF and LF/HF ratio than normal weight children [24] . In addition, Soares-Miranda et al evaluated the relationship between central fat and CAM in obese and overweight girls (central fat 950 %) combined. They were able to find that being overweight and obese was associated with decreased parasympathetic (lower HF) and increased sympathetic modulation (higher LF and LF/HF ratio) [21] . In contrast, only few reports have shown that obesity in children cause a reduction [22, 60] or no effect [18, 19, 25] in the sympathetic activity of the heart. For example, Vanderlei and coworkers studied 56 obese children and found that these obese children have decreased sympathetic activity (low LF) than lean children [22] . Furthermore, Birch et al found that overweight/obese children have lower parasympathetic activity (low HF, RMSSD), no difference were found in the sympathetic activity (LF and LF/HF ratio), than children of normal weight [19] . In addition, some other studies have demonstrated a reduction of cardiac baroreflex sensitivity in obese children [16, 26, 27, 57] . Dangardt et al conducted a large study measuring baroreflex sensitivity on 311 children. They reported that 120 obese children had reduced cardiac baroreflex sensitivity compared with 148 lean children [16] . Although puberty has been associated with change in autonomic function, this group controlled for pubertal status in their analysis, finding that the impact of obesity on baroreflex function is independent of age and sex [14••, 16] . Similar to Dangardt et al, Lazarova and coworkers found decreased baroreflex sensitivity in obese adolescents [57] . In addition, two other studies reported that overweight and obese children had a reduction in baroreflex sensitivity and increased values of LF and LF/HF ratio [26, 27] . One study in particular, studying the effects of age, sex, race, BMI, and Tanner's stage on short-term and 24-hour HRV in a sample of healthy adolescents, did not find any linkage between BMI and HRV [61] . One possible explanation as to why no association was found is that the study population was adolescent with type 1 diabetes who tend not to be overweight. Compared with healthy controls, it limited the variation of weight distribution in the sample.
Despite these findings, more epidemiologic studies, especially longitudinal studies, evaluating the association between childhood obesity and CAM are needed. Also, future research should implement the HRV circadian rhythm following the cosine periodic function, which can be quantified with three parameters-the mean, the amplitude, and the acrophase time.
Childhood obesity comorbidities and HRV Some major predictors of CVD like metabolic syndrome, hypertension, type 2 diabetes, and insulin resistance are also commonly known comorbid conditions related to obesity and HRV in children and adolescents. The association between each individual condition and HRV indices in children has been evaluated elsewhere [17, 20, 21, 24, 62•, 63-65] . Previously published data from our group on a healthy population-based sample of children showed that a one standard deviation increase in waist circumference was significantly associated with lower HF, LF, RMSSD, SDNN, and higher LF/HF ratio and HR [17] . In addition, Soares-Miranda and colleagues studied a sample of 16 overweight/obese girls 8-16 years of age and found an association between increase of central fat and lower HF and higher LF/HF ratio [21] . These two studies agreed that having a high amount of central obesity is associated with impairment of the parasympathetic and overflow of the sympathetic activity of CAM. Numerous studies have examined the association between blood pressure and HRV [20, [73] [74] [75] . In a research performed on 9-11 years old healthy children studying the association between blood pressure and HRV, investigators found that children with high systolic blood pressure displayed significant lower HF, and RMSSD [62•]. Fitzgibbon et al. found that children with high blood pressure have significantly lower HF, LF, and higher LF/HF ratio than those with normal blood pressure levels [63] . In another study, high blood pressure in children 15-16 years of age also correlated with a reduced HF [65] . The relationship between insulin resistance and CAM has been studied in children [20] . A study on children classified by their homeostasis model assessment of insulin resistance (HOMA-IR) values demonstrated that those in the insulin-resistance group had lower HF and higher LF/HF ratio than the non-resistant group [20] . No data in children studying the association between triglycerides and HRV is available. However, a study in 18-21 year old adults, demonstrated that increased levels of triglycerides are associated with lower HF, and higher LF/HF ratio and HR [62•] .
Lifestyle modifications for childhood obesity and HRV
In contrast to other chronic diseases, where no treatment or intervention is available, obesity is a modifiable condition. By making some early lifestyle changes, one could improve his health status; therefore, decrease the likeli-hood of developing CVD as an adult. The US Preventive Service Task Force recommends that children aged 6 years and older should be screened for obesity and should be offered or referred to comprehensive, moderate-to high-intensity behavioral interventions to promote improvement in weight status [66] . After reviewing many different clinical studies on childhood obesity, they concluded that short-term (6-12 months) comprehensive interventions, that include regular moderate to vigorous physical activity, wellbalance healthy diet, and behavioral counselling, were effective in reducing the BMI in obese children. For the purpose of this review, we will be discussing the effect of physical activity (PA) and nutrition on HRV in childhood obesity.
Physical activity
Currently, the Centers for Disease Control and Prevention (CDC) recommend that every child 6 to 17 years of age perform ≥60 minutes of PA each day [67] . PA is defined as moderate-intensity aerobic activity, like walking, or vigorous-intensity activity, like running. Vigorous-intensity aerobic activity, muscle strengthening activities, and bone strengthening activities should be included at least 3 days per week as part of the 60 minutes daily physical activity.
A number of epidemiologic studies have evaluated the effect of exercise alone on HRV [60, [68] [69] [70] [71] [72] [73] [74] [75] . Table 1 summarizes several publications studying the effect of PA on CAM in children. The first study to investigate the effect of endurance training on HRV in healthy children was conducted by Mandigout et al [73] . They evaluated the effect of a 13 weeks endurance training program on HRV in pre-pubertal healthy children and determined the relationships between HRV components and training-induced cardiac adaptation. An increase in the majority of frequency (VLF, LF, HF) and time (SDNNIDX, SDNN, RMSSD, PNN50) domains of HRV was found in healthy children. In addition, Nagai et al examined, for the first time, the effect of long-term (1-year exercise training program) moderate training on cardiac ANS activity in a large number of healthy children. They found that even during short duration (20 min/day) and mild intensity physical activity, there was an increase in CAM activity even in children who initially possessed low HRV [72] . Gutin et al studied the effect of moderate-vigorous physical activity (MVPA) in healthy adolescents, and found that higher MVPA was associated with higher RMSSD (marker of parasympathetic activity) and lower LF/HF ratio [74] . A group of investigators evaluated the association of participation in 210 min/week of moderate intensity PA or 60 min/week of high-intensity activity on HRV; they found that habitual participation in activities of high-intensity for 1 hour a week is necessary to observe favorable alternation in HRV [70] . Triposkiadis et al demonstrated that highly trained (12-14 h weekly for at least 4 years) prepubertal swimmers had higher HF, RMSSD, and lower LF/HF ratio than nontraining normal children [75] . Different from these findings, few studies have found no differences between exercise intensity and HRV [68] [69] [70] [71] . Vinet et al compared the HRV parameters in highly trained swimmer and untrained boys, finding that neither time nor frequency domains of HRV variables were significantly different between the two groups [71] . Also, Leicht et al found no significant alterations of HR and frequency domain measures of HRV during an 8 weeks rest and light to moderate exercise training in prepubertal children [69] . Similarly, Gamelin et al found no significant effect on the autonomic cardiovascular control, as measured by HRV, from 7 weeks of high-intensity intermittent exercise training programs [68] .
Moreover, only a few intervention studies on the effect of exercise on HRV in childhood obesity have been published [50, 76•, 77] (Table 1) . Farah et al compared the effects of high-intensity aerobic exercise training and aerobic exercise training on HR and HRV in obese adolescents [76•] . They found that those obese adolescents in the high-intensity group showed improvements on HR and HRV; suggesting a shift toward vagal modulation of the heart, imparting better cardiovascular health than those in the low-intensity group. Gutin et al studied the relationship between baseline parasympathetic activity to body composition, and the responsivity of parasympathetic activity to physical training [50] . They showed that, in obese children, the RMSSD increased during the 4-month of physical training engagement, but declined in the 4-month period following cessation of physical training. This same group of investigators in a different study demonstrated that controlled physical training can shift heart period variability of CAM toward less sympathetic activity (declined LF and the LF/HF ratio) and greater parasympathetic activity (increase in the RMSSD), suggesting that the sympathetic/ parasympathetic balance was improved by the training [77] . These studies demonstrated that high-intensity exercise training can improve CAM in obese children. However, more studies are needed, especially longitudinal studies.
Nutrition
Changing to a well-balance diet, that includes higher consumption of fruit, vegetables, and oily fish, is a good approach to reduce the risk of CVD [78] . Numerous amounts of studies in adults have shown that high intake of fruit, vegetables, and fish are associated with lower rates of all-cause, cancer, and CVD mortality [79, 80] . Also, intake of vitamin C and caroten- Free-living physical activity measured by an accelerometer oids found in vegetables and fruits have been associated with reducing the risk of CVD [81, 82] . Park et al demonstrated that after adjustment for healthy lifestyle factors, such as PA and use of multivitamins, the consumption of green leafy vegetables was positively associated with normalized HF power and inversely associated with LF power [83] . Several epidemiologic studies have evaluated the effect of a well-balanced diet on HRV in overweight and obese adults [84] [85] [86] [87] [88] . De Jonge and coworkers evaluated the effect of different approaches of caloric restriction on autonomic function in 28 overweight adults from a long-term low intake of energy trial. They found that, in general, caloric restriction decreases sympathetic activity and increases parasympathetic activity, indicating an improvement of the sympathetic and parasympathetic balance [84] . This finding is consistent with the results from Dietrich et al, where a caloric restriction program in obese adults was associated with decreased sympathetic activity and an increase in the parasympathetic activity [85] . Another study performed by Akehi Y et al on 16 obese patients treated with the very-low-calorie conventional Japanese diet therapy combined with behavior therapy, demonstrated that weight reduction increased HF, but decreased LF/HF ratio [86] . A case-control study evaluating the effects of exercise and mild calorie restriction on HRV in 12 mildly obese, normotensive Japanese women demonstrated a significant increase in HF after the intervention compared with controls [87] . In addition, Poirier et al determined the impact of diet-induced weight loss on CAM; they found that weight loss is associated with significant improvement in CAM through enhancement of parasympathetic modulation, and decreased HR [88] . All of this extensive data in obese adults demonstrates that the implementation of a well-balanced diet could improve CAM. However, there is very limited data available in children and adolescents. The CAM response to eating has been largely investigated in healthy and obese adults, but comparable data in childhood obesity is needed. We were able to find only one related study, which was conducted by Pivik and coworkers [89] . They initially evaluated HR and HRV in preadolescents who maintained overnight fasting, and again after the participants either ate a standardized breakfast or continued fasting. Their findings indicated that continuation of overnight fasting is associated with a significant increase in parasympathetic activity, but this was attenuated after eating breakfast.
Conclusions
This review of current evidence suggest that there is sufficient data showing that childhood obesity is associated with impairment of CAM, in the direction toward sympathetic overflow and reduced parasympathetic modulation.
Since it has been consistently demonstrated that lower HRV is associated with the development of coronary heart disease, hypertension, metabolic syndrome, and all-cause mortality [90] [91] [92] [93] [94] in the adults, it is highly plausible that obesity in childhood and adolescents affect the CAM first, and if the adverse impact of obesity on CAM continues, these individuals will be at much higher risk when they become adults. However, longitudinal studies are needed to further support this elucidation. More studies examining the circadian pattern of HRV are needed. The evidences are emerging to suggest that the implementation of long-term regular PA programs and a wellbalanced diet can help obese children reduce their weight, improve their CAM, and therefore, reduce the risk of future CVD in adulthood.
